Introduction
The repeated range contractions and expansions caused by Pleistocene climate oscillations have long been recognized as an important driver of genetic diversity and differentiation in European biota (Hewitt, 2004) . Several regions have been repeatedly identified as important refugia for taxa during glacial maxima, such as the Iberian Peninsula, the Italian Peninsula and the Balkans (Taberlet et al., 1998; Hewitt, 2004; Schmitt, 2007) , and each region may comprise numerous additional small-scale refugia (see Médail and Diadema, 2009) . Some organisms also show evidence of refugia in Turkey and/or the Caucasus Mountains (King and Ferris, 1998; Michaux et al., 2004; Gömöry et al., 2007; Grassi et al., 2008; Ansell et al., 2011) . Glaciation and associated climate shifts also appear to increase the rate of polyploid formation in refugial areas and subsequent contact zones (Parisod et al., 2010) . European fern taxa have also been shown to use these same refugia and also show an increase in the formation of polyploid lineages in response to glacial climate cycles (Vogel et al., 1999; Trewick et al., 2002) .
The fern genus Cryptogramma R.Br. (Pteridaceae) consists of ten mainly boreal species, of which three are known to be polyploid taxa (i.e. C. bithynica, C. crispa, and C. sitchensis; Metzgar et al., 2013) . Previous research on the genus using a combined plastic and nuclear DNA dataset has shown diploid taxa to be genetically distinct, mostly allopatric lineages and revealed that the Beringian tetraploid Cryptogramma sitchensis is an allopolyploid (Metzgar et al., 2013) . The European and Southwest Asian tetraploid C. crispa was shown to be an autopolyploid based on all its nuclear alleles being recovered in a single clade with no other taxon's alleles present ( Figure 1 ; Metzgar et al., 2013) . The recently described Southwest Asian octoploid C. bithynica S.Jess., L.Lehm. & Bujnoch (Jessen et al., 2012 ) is endemic to north-central Turkey and has never been included in a previous phylogenetic or molecular study, including that of Metzgar et al. (2013) . Therefore, it is unknown if C. bithynica is an auto-or allopolyploid lineage and which species were involved in its formation. Sympatry and some shared morphological characters (i.e. deciduous leaves) suggest that C. crispa may have been involved in the formation of C. bithynica, but several other morphological characters such as leaf thickness vary and are used to distinguish these two taxa (Jessen et al., 2012) .
Cryptogramma has not been previously used to study phylogeographical patterns in Europe and Southwest Asia, although its distribution patterns and the frequent occurrence of polyploidy make it well suited to an examination of the role of Pleistocene refugia on genetic divergence, incipient speciation, and polyploid formation in a free-sporing vascular plant lineage. Here we characterize genetic diversity across the range of C. crispa, identify possible Pleistocene refugia, and identify the progenitor species of C. bithynica. This study expands on the nuclear and plastid datasets previously used to study phylogenetic relationships within Cryptogramma (Metzgar et al., 2013) .
Materials and methods

Taxon sampling
The phylogenetic position of Cryptogramma within the Pteridaceae is well established (Zhang et al., 2005; Prado et al., 2007; Schuettpelz et al., 2007; Metzgar et al., 2013) and the genus has two reciprocally monophyletic sections, Homopteris and Cryptogramma, with one and nine species, respectively (Metzgar et al., 2013) . Due to the well-established intergeneric relationships within the cryptogrammoid ferns (Zhang et al., 2005; Prado et al., 2007; Schuettpelz et al., 2007; Metzgar et al., 2013) and the strongly supported position of Cryptogramma fumariifolia (Phil.) Christ as the sister lineage to all remaining Cryptogramma sect. Cryptogramma taxa (Metzgar et al., 2013) , we only included Cryptogramma sect. Cryptogramma accessions in the current study and used C. fumariifolia as the outgroup. Cryptogramma stelleri, the sole taxon in section Homopteris, was not included in this study as it is genetically isolated from all other Cryptogramma species and its exclusion greatly reduced the amount of excluded data in the sequence alignments. The current study included 39 accessions from nine species of Cryptogramma, including 14 accessions of C. crispa and one accession of C. bithynica (Table 1) .
DNA amplification and sequencing
Six plastid DNA regions were used in this study (rbcL, rbcLaccD, , and the gapCp "short" nuclear locus (henceforth gapCp) was sequenced for a subset of accessions (Table 1) . The Invitrogen TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA) was used to clone nuclear PCR products, and clones were amplified using the Invitrogen M13 primer pair. Cryptogramma crispa accessions each had 25 clones and the C. bithynica accession was sequenced for 44 clones. Primers, PCR conditions, cloning, sequencing, and matrix construction followed established protocols (Metzgar et al., 2013) . For gapCp sequences, the sequence correction procedure first involved the examination of contigs formed by all sequences from a single accession in Sequencher version 4.10.1 (Gene Codes Corporation, Ann Arbor, MI, USA). All mutations and indels were mapped across the length of the putative allele and compared to identify and remove chimeric sequences and Taq error, with the resulting consensus sequence(s) exported as separate alleles (Grusz et al. 2009; Metzgar et al. 2013) . Of the 254 sequences used here, 63 were generated expressly for this study and were deposited in GenBank (Table 1) .
Phylogenetic analyses
Sequences were added to existing datasets (Metzgar et al., 2013) and aligned by eye using MacClade 4.08 (http:// macclade.org). We excluded a total of 331 base pairs due to ambiguously aligned portions of the 6827 bp plastid For model-based phylogenetic analyses, the appropriate model of sequence evolution was selected using Akaike information criterion scores calculated in MrModeltest 2.3 (Nylander et al., 2004) . Prior to combining the six plastid region datasets, each region was analyzed separately using Bayesian Markov chain Monte Carlo (B/MCMC) and maximum parsimony bootstrap (MPBS) methods. The B/MCMC analyses were conducted in MrBayes version 3.2 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003; Ronquist et al., 2012) . Each of these analyses was run for 10 million generations and implemented using default priors on four runs with four chains a piece. Tracer v1.5 (http://beast.bio.ed.ac.uk/ Tracer) was used to inspect parameter convergence with the first 2 million generations discarded as the burn-in. The majority-rule consensus tree, posterior probabilities, and average branch lengths were calculated from the resulting 32,000 trees. The MPBS analyses consisted of 500 bootstraps replicated with 10 random addition sequence replicates implemented in PAUP* 4.0b10 (Swofford, 2002) . The majority-rule consensus trees for the six plastid datasets were then inspected for supported (PP ≥ 0.95; MPBS ≥ 70) topological conflicts (Mason-Gamer and Kellogg, 1996) . One conflict was detected with the rbcL-atpB B/ MCMC topology supporting the inclusion of C. crispa + C. bithynica in a clade with Cryptogramma brunoniana Wall. ex Hook. & Grev. + Cryptogramma raddeana Fomin (PP = 0.98) rather than as the sister lineage to Cryptogramma cascadensis E.R.Alverson. This relationship was not significantly supported in the rbcL-atpB MPBS analysis, so all six plastid datasets were combined into a single 6827 bp alignment.
Phylogenetic analyses of both the gapCp alignment and the combined plastid alignment were conducted using maximum parsimony (MP), maximum likelihood (ML), and B/MCMC. MP tree searches were run for 1000 heuristic replicates, using the random addition sequence (RAS) starting tree and tree-bisection-reconnection (TBR) branch swapping options in PAUP* 4.0b10 (Swofford, 2002) . MP support values were calculated using 500 bootstrap replicates, each with 10 random addition sequence replicates.
ML analyses used region-specific models of sequence evolution implemented in Garli 2.0 (Zwickl, 2006) on the CIPRES Science Gateway computational portal (Miller et al., 2010) . ML analyses were ran twice for eight replicates, using random starting trees and using stepwise addition starting trees. All ML bootstrap (MLBS) analyses were run for 100 replicates. B/MCMC analyses were as previously described.
Spore measurements
Spores were removed from five herbarium specimens and mounted in glycerol on slides and examined using a Nikon Eclipse 80i compound microscope. From each specimen, 18-46 spores were measured at 400× magnification. Each spore was measured along its longest axis (Alverson, 1989) and both standard deviation and mean spore size were calculated for each specimen. Additional spore measurements values were culled from the primary literature (Table 2 ).
Results
Plastid DNA analyses
The combined six-region plastid dataset contained 185 variable sites and 172 parsimony informative characters. MP, ML, and B/MCMC analyses recovered congruent, well-supported (PP ≥ 0.95; MLBS ≥ 90%; MPBS ≥ 90%) phylogenies for the combined six-region plastid dataset (Figure 2 ). The MP analysis identified two equally most parsimonious trees with a length of 205. The ML analysis identified a most-likely topology with a likelihood of -10406.891151, with no topological differences between searches using random or stepwise starting trees. The B/ MCMC topology was calculated from 32,000 post-burn-in trees and was well resolved with strong support for most relationships (Figure 2 ). All three methods recovered all diploid species as monophyletic (including polyploid progeny where relevant) with strong support. The C. bithynica accession was consistently recovered in a clade of C. crispa haplotypes from eastern Europe and western Asia. These inferred relationships are all congruent with previous phylogenetic assessments of Cryptogramma (Metzgar et al., 2013) .
Nuclear DNA analyses
Tree topologies recovered from our MP, ML, and B/ MCMC analyses of the gapCp dataset were congruent with one another and with previous research (Metzgar et al., 2013) . We found eight most parsimonious trees in the MP search with a length of 60. The optimal ML topology had a likelihood of -1233.560927, with identical topologies recovered using random or stepwise starting trees. The B/ MCMC analysis generated a strongly supported topology that was congruent with the MP and ML analyses ( Figure  3) . Alleles of C. bithynica were recovered in a clade containing alleles of European and Caucasian C. crispa specimens with strong support (Figure 3) .
Spore measurements
The mean spore lengths in C. crispa from the Caucasus Mountains (48-57 µm) fell within the observed range of variation for other C. crispa samples from across Europe (47.1-58.6 µm) from the current and previous studies and were considerably smaller than in C. bithynica (70.87 µm) (Jessen et al., 2012;  Table 2 ).
Discussion
Formation of C. bithynica
Our results suggest that the Turkish octoploid C. bithynica originated as an autopolyploid within the Caucasian clade of C. crispa (Figures 2-4) . In the phylogeny derived from our plastid DNA data (Figure 2 ), C. bithynica was nested within a well-supported clade of C. crispa accessions from the Caucasian Mountains (Figure 4 ). Since plastids in ferns are typically inherited maternally (Gastony and Yatskievych, 1992) , western Asian C. crispa probably acted as the maternal parent of C. bithynica. In our phylogeny based on the biparentally inherited nuclear locus gapCp, C. bithynica was nested within C. crispa (Figure 3) , indicating an autopolyploid origin of C. bithynica. An autopolyploid origin of C. bithynica is also concordant with current distributional patterns, as C. crispa is its only sympatric congener (Figure 1 ; Metzgar et al., 2013) . Shared morphological characters such as deciduous leaves, ovate leaf segments, and sterile leaf shape also support this hypothesis, although C. crispa and C. bithynica can be distinguished based on leaf size, spore length (Table 2) , and some subtle leaf characteristics such as leaf thickness and size (Jessen et al., 2012) . The spore measurements and chromosome counts of C. crispa accessions across Europe and western Asia suggest that it is consistently tetraploid, 2n = 4x = 120, with spore measurements (47.1-58.6 µm) easily distinguished from the isolated ocotoploid C. bithynica lineage (70.87 µm; Manton, 1950; Löve, 1970; Pajarón et al., 1999; Jessen et al., 2012 ; Alverson, unpublished data; Table 2 ). Spore measurement data, when assessed in a phylogenetic context, have been used previously as a proxy for ploidy in Pteridaceae (Barrington Figure 2 . Phylogeny of Cryptogramma sect. Cryptogramma generated using a Bayesian Markov chain Monte Carlo (B/MCMC) analysis of a combined 6-region plastid dataset. Sixty-three of the 254 sequences used here were generated expressly for this study and were deposited in GenBank (Table 1) . Interspecific relationships are congruent with previous research (Metzgar et al., 2013) , but new sequence data has expanded sampling within the C. crispa clade. Strongly supported relationships (B/MCMC PP = 1.00; MLBS ≥ 95 %; MPBS ≥ 91 %) are depicted with thickened branches. Numbers following taxon names refer to extraction numbers (Table 1) 1986; Grusz et al. 2009; Beck et al., 2011) , although it is not reliable in at least one fern lineage (Asplenium L.; Dyer et al., 2013) .
Genetic partitioning within Cryptogramma crispa
A sharp plastid DNA division is apparent within C. crispa (Figure 2) , with the accessions from Turkey and the Caucasus Mountains clearly distinct from those of western and central Europe (Figure 1 ). The considerable sequence divergence observed between these clades is nearly equivalent to that separating sister species in Cryptogramma, although there appears to be no morphological distinction (including spore size; Table  2 ) between them (Figure 2 ; Metzgar et al., 2013) . This genetic division could be indicative of incipient speciation occurring within C. crispa. Diversification following climate-induced range shifts have been commonly documented in temperate plants in general (e.g., Qiu et al., 2009 ) and in temperate ferns specifically (Haufler et al., 2008) . Sequencing of additional loci would quantify gene flow between the two clades. Analysis of the nuclear locus gapCp revealed no division into eastern and western clades among C. crispa and C. bithynica alleles ( Figure   3 ). The reason for this discrepancy between plastid and nuclear sequence data is unclear, but additional nrDNA sequencing of additional accessions of C. bithynica and C. crispa could be beneficial in resolving it. The genetic distinctness of the Turkey + Caucasus Mountains clade (Figure 2 ) suggests a second Pleistocene refugium. Numerous plant and animal lineages show evidence of surviving climatic fluctuations in Turkish and/ or Caucasian refugia (King and Ferris, 1998; Petit et al., 2002; Seddon et al., 2002; Rokas et al., 2003; Dubey et al., 2005; Kučera et al., 2006; Challis et al., 2007; Gömöry et al., 2007; Naydenov et al., 2007; Grassi et al., 2008; Ansell et al., 2011) . The recent history of C. crispa appears to be most similar to that of Vitis vinifera L. subsp. silvestris (C.C.Gmel.) Hegi (Grassi et al., 2008) and Arabis alpina L. (Ansell et al., 2011) . All three taxa display shared Turkish and Caucasian haplotypes that have not recolonized any additional regions.
The restricted range of eastern C. crispa haplotypes suggests that the Caucasus Mountains could have served as a barrier to recolonization, similar to other lineages (Figure 4 ; Seddon et al., 2002; Dubey et al., 2005) , but future research efforts sampling accessions north and northwest of the Caucasus Mountains would be needed to better evaluate this possibility. Phylogeographic patterns involving Turkey have been previously characterized into several broad categories (Bilgin, 2011) based on the geographic boundaries of genetic diversity. Cryptogramma crispa is an example of Bilgin's (2011) "Pattern I" with western and eastern clades that are divided between the Balkans and Anatolia. This divide between Anatolian and Balkan accessions was likely caused by the Sea of Marmara (Ansell et al., 2011) or western Anatolia (Bilgin, 2011) .
This clear geographic separation of plastid genetic diversity within C. crispa probably reflects use of at least two different refugia during the Pleistocene glaciations. There is little differentiation between accessions across western, northern, and central Europe in the plastid phylogeny (Figure 2) , with the exception of one moderately supported basal divergence in Spain. Iberia has commonly been inferred as a refugium for other vascular plant lineages (Taberlet et al., 1998; Hewitt, 2004; Schmitt, 2007) , including ferns (Trewick et al., 2002; Jiménez et al., 2009) . Our results could be suggestive that Iberia was a source for recolonization of deglaciated regions, but other potential sources cannot be eliminated. Unlike the pattern previously shown for some European ferns (Vogel et al., 1999; Trewick et al., 2002) , the higher ploidy lineage (C. bithynica) is geographically restricted to a glacial refugium rather than having recolonized deglaciated regions. The small geographic range of C. bithynica suggests that it has formed recently, although future research could assess this hypothesis using divergence time estimation.
This study illustrates the genetic isolation and incipient speciation that can result from climate change cycles. The use of the Caucasus Mountains as refugia is a novel finding for a free-sporing fern lineage. The octoploid C. bithynica will benefit from additional research, especially to determine if it has arisen multiple times.
